To determine whether male-or female-biased mutation rates have affected the molecular evolution of Drosophila melanogaster and D. simulans, we calculated the male-to-female ratio of germline cell divisions (a) from germline generation data and the male-to-female ratio of mutation rate (oL,) by comparing chromosomal levels of nucleotide divergence. We found that the ratio of germline cell divisions changes from indicating a weak female bias to indicating a weak male bias as the age of reproduction increases. The range of (Y values that we observed, however, does not lead us to expect much, if any, difference in mutation rate between the sexes. Silent and intron nucleotide divergence were compared between nine loci on the X chromosome and nine loci on the second and third chromosomes. The average levels of nucleotide divergence were not significantly different across the chromosomes, although both silent and intron sites show a trend toward slightly more divergence on the X. These results indicate a lack of sex-or chromosome-biased molecular evolution in D. melanogaster and D. simulans.
Introduction
Haldane (1947) hypothesized that in humans, the mutation rate would be higher in males than in females because of the presumed greater number of cell divisions occurring in the male germline. As a result of sex-biased mutation rates, loci residing on different chromosomes would have different mutation rates depending on the relative amount of time the chromosome they reside on is in males and females. Chang et al. (1994) estimated the male-to-female ratio in germline cell divisions, denoted as cx, to be 2 for mice and 6 for humans. Provided that most mutations are replication dependent, these high (x values in mice and humans would support Haldane's claim that males are making a larger contribution of mutations. Further, we would expect loci on the Y chromosome to be experiencing the highest mutation rate, those on the X the lowest, and those on the autosomes an intermediate rate (Miyata et al. 1987) . For selectively neutral mutations, the substitution rate at a locus equals its mutation rate (Kimura 1983, pp. 46-48) . Thus, all else being equal, it would also be expected that loci on the Y chromosome have the highest substitution rate, those on the X the lowest, and, again, those on the autosomes an intermediate rate. As a result, differences in the level of nucleotide divergence at genes located on different chromosomes could be indicative of the existence of sex bias in mutation rate (Miyata et al. 1987) . Chang et al. (1994) and Shimmin, Chang, and Li (1994) compared levels of divergence at the last intron of the X-and Y-linked copies of the duplicated zinc finger protein genes (Zfi and Zfi respectively).
As expected, ZJL was found to be more divergent than Zfi when comparing mice with rats and humans with chimpanzees. The difference in substitution rates between the X-and Y-linked zinc finger protein genes leads to an estimate of (Y,, the male-to-female ratio in mutation rate (Miyata et al. 1987) , of 1.80 for mice and 6.0 for humans. These ratios are nearly identical to those calculated from the number of cell divisions occurring in each sex during gametogenesis and thus suggest that "maledriven" molecular evolution is occurring in mammals. McVean and Hurst (1997) recently analyzed all available sequence data and confirmed a lower rate of substitution on the X chromosome than on the autosomes in rodents. However, they claim that the contrast is due to a reduced mutation rate on the X chromosome specifically, not male-driven molecular evolution associated with differences in male and female germline cell divisions.
Motivated by an interest in the generality of sexor chromosome-biased mutation rates, we examined germline generation and DNA sequence data from Xlinked and autosomal genes in Drosophila melanogaster and D. simulans. We are further motivated by an apparent lower level of polymorphism on the X chromosome than on autosomes after differences in rates of recombination and effective population size are taken into account (Aquadro, Begun, and Kindahl 1994; Moriyama and Powell 1996) . Aquadro, Begun, and Kindahl (1994) argued that this reduced level of polymorphism on the X is due to hitchhiking associated with adaptive fixations. Even if a small number of advantagous mutations are recessive, their rate of fixation will be faster on the X, since it is hemizygous in males, resulting in greater hitchhiking effects and less neutral variation on the X than on the autosomes. In contrast, background selection due to the elimination of deleterious mutations predicts more variation on the X. Recessive deleterious mutations are removed more efficiently on the X than on the autosomes (again due to the hemizygosity of males). This leads to a larger deleterious-mutation-free class of X chromosomes and thus more neutral variation on the X than on the autosomes (Charlesworth, Morgan, and Charlesworth 1993) . Charlesworth (1994) and Moriyama and Powell (1996) suggested that deviations from 1: 1 sex ratios could also contribute to the lower level of polymorphism on the X (although this explanation requires deviations contrary to laboratory results which show greater effective population size in females a Gene abbreviation along with gene name (in parentheses) of the loci used in this study: CYP4Dl (cytochrome P450Dl), CYP4D2 (cytochrome P450D2), per (period), Pgd (phosphogluconate dehydrogenase), v (vermilion), w (white), Yp2 (yolk protein 2), z (zeste), Zw (glucose-6-phosphate dehydrogenase), Acp26Aa (accessory gland protein 26Aa), Acp26Ab (accessory gland protein 26Ab), Adh (alcohol dehydrogenase), Est-6 (Esterase 6), Lspl y (larval serum protein ly), MM (myosin light chain l), Pgi (phosphoglucose isomerase), Sod (superoxide dismutase), and tra (transformer).
b The nucleotide divergence values were calculated using the MEGA program (Kumar, Koichiro, and Nei 1993) under the Jukes-Cantor model. The standard error for each estimate of divergence is given in parentheses.
c Means were weighted with respect to the length of the region compared.
peak of their reproductive potential between the ages of 3 and 6 days after eclosion (see also Manning 1967; Ford et al. 1989) . If "wild" D. mehnogaster are also at their peak reproductive potential between days 3 and 6, the corresponding (x values for these days (table 1) cause us to expect either no difference in mutation rate between the sexes or possibly a slightly higher rate in females. Woodruff, Slatko, and Thompson (1983) reviewed the results of several decades of D. mekmogaster mutation rate studies, some of which calculated mutation rates separately for males and females. As expected from our calculations, these studies show no clear difference in mutation rates between the sexes. Females tend to have a higher mutation rate to lethals, while males seem to have a higher rate to visible mutations.
To determine whether nucleotide substitution rates are in fact equivalent across different chromosomes, we compared nucleotide divergence between D. mehnoguster and D. simuluns for nine genes located on the X chromosome and nine genes on chromosomes 2 and 3. These loci represent all genes for which both coding and intron data are available in GenBank or in our laboratory in both species. Levels of divergence are shown in table 2 for both silent and intron sites. The distributions of silent and intron divergence at X-linked and autosomal genes are also visually depicted in figure 1. The weighted means are not significantly different between the X chromosome and autosomes at either silent or intron sites (silent sites: t = 0.15, not significant; introns: t = 0.64, not significant; t-test described in Kumar, Koichiro, and Nei 1993). However, both types of sites show a slight trend toward more divergence on the X chromosome. Since there is no significant difference in levels of divergence between the X chromosome and the autosomes, we cannot reject the hypothesis that the maleto-female ratio in mutation rate ((x,) is equal to 1 for D. melunoguster and D. simuluns. This result is in agreement with the range of (Y values that we calculated from germline generation data and with the independent evidence that there is no significant sexual difference in mutation rate in D. mekznoguster and D. simuhns. This result also suggests that the assumptions leading to our estimates of the number of germline cell divisions were correct.
Additional data are necessary to determine the significance, if any, of the subtle difference in X-linked and autosomal substitution rates, which is seen most strongly in the distribution of intron divergence ( fig. 1 ). X-linked and autosomal silent divergence distributions overlap much more than X-linked and autosomal intron divergence distributions.
If the distributions of X-linked and autosomal intron divergence are found to be different, it is in the direction of a slight female bias, which would be consistent with reproduction on average at an young age (see table 1 ). To date, though, in contrast to mammals, we see little to no evidence of a difference in male and female mutation rates or of a specific decrease in There are potential problems when comparing levels of divergence at nonhomologous loci. For example, constraint may differ across the loci due to their different functions. This could result in different neutral mutation rates between loci based on function, not on chromosomal location. The mammalian studies by Chang et al. (1994) and Shimmin, Chang, and Li (1994) avoided this problem by comparing duplicated genes (which presumably have comparable constraint) each residing on a different chromosome (Zfx and Zfy). To date, in D. melunogaster, there are no loci which fit this criterion; therefore, we were left with the nonhomologous comparison. Despite this concern, our analyses show no hint of the extreme disparity between X and autosome rates of divergence seen for mammals (e.g., Miyata et al. 1987 ; McVean and Hurst 1997).
for autosomal and X-linked genes.
The lower levels of X-linked versus autosomal nucleotide variation seen in D. melunoguster (Aquadro, Begun, and Kindahl 1994) and D. simukzns (Moriyama and Powell 1996) thus cannot be explained simply by maledriven molecular evolution or by a reduced X chromosome mutation rate (e.g., McVean and Hurst 1997) . The relative contributions of selective sweeps (Aquadro, Begun, and Kindahl 1994) , background selection (Charlesworth, Morgan, and Charlesworth 1993; Charlesworth 1994 Charlesworth , 1996 Hudson and Kaplan 1995) , mating system (Charlesworth 1994; Moriyama and Powell 1996) , and other forms of selection remain to be resolved.
As an aside, it was surprising (Li and Graur 1991, p. 73 ) to see less divergence on average at intron versus silent sites on both the autosomes and the X-chromosome (table 2 and fig 1) . Several factors could contribute to this trend. First, studies in Drosophila have shown that specific nucleotides are required at some intron positions for the proper removal of introns (splice and branch points; e.g., Mount et al. 1992) (e.g., Bingham et al. 1988; Scott and Lucchesi 1991; Kapoun and Kaufman 1995; Clark, Leicht, and Muse 1996) , and for correct pre-mRNA secondary structure (e.g., Stephan and Kirby 1993; Clark, Leicht, and Muse 1996) . Presumably, these functions lead to strong constraint for at least some intron sites and may contribute to the lower rate of divergence than seen for silent sites, which are under more uniform, weak selection (Akashi 1995). Second, nucleotide divergence at silent sites may be slightly elevated due a relaxation of codon bias along the D. melanogaster lineage (Akashi 1996) . Additional data will be necessary to test these hypotheses.
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